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Abstract
A series of interviews with second year electronics engineering students showed several problems
with understanding rst order RC lters. To better explore how widespread these problems are,
a questionnaire was administered to over 150 students in Belgium. One question asked to rank
the output voltage of a low-pass lter with an AC or DC input signal while a second asked to
rank the output voltages of a high-pass lter with doubled or halved resistor and capacitor values.
In addition to a discussion of the rankings and students' consistency, the results are compared to
the most common reasoning patterns students used to explain their rankings. Despite lecture and
laboratory instruction, students not only rarely recognize the circuits as lters, but also fail to
correctly apply Kirchho's laws and Ohm's law to arrive at a correct answer.
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I. INTRODUCTION
In engineering education, students generally encounter electrical circuits for the rst time
in an introductory physics course. They learn how to calculate specic currents and voltages,
using Kirchho's laws and Ohm's law. The focus in such an introductory course is often on
DC circuits with frequency-independent components (ideal batteries, wires and resistors).
The rst frequency-dependent component students typically encounter is a capacitor. It is
introduced in terms of charging and discharging in a circuit with a resistor and capacitor in
series, analyzed in the time domain. However, in introductory electronics courses, students
learn how to look at circuits from a dierent point of view. These courses typically start
by analyzing the same RC circuit, but now in terms of ltering, input and output voltage
and cuto frequency. The analysis is done in the frequency domain and input signals are
AC voltages instead of DC voltages. In this paper, we focus on student understanding of
and reasoning about such rst order passive RC lters because they are at the transition
from DC (about which a lot of research exists) to AC circuits and the transition from time-
domain behavior to frequency-domain behavior. As such, they allow the introduction of
typical electronics topics via a familiar circuit. When referring to a `lter' in the remainder
of the article, a rst order RC lter is meant, unless specied otherwise.
This study is part of a bigger research project about student learning in introductory elec-
tronics laboratories. Here, we report on student answers to two questions on a questionnaire
related to RC lters. The context and methods are explained in section III, while the
questions and their analysis are in sections IV and V. The most important ndings are sum-
marized in the conclusion of section VI, together with implications for teaching. But before
that, we will start with a short literature overview in Section II.
II. LITERATURE OVERVIEW
Over the past decades, a lot of research has been done on student understanding of basic
electric circuits, we refer to the literature review in Zavala's thesis for an excellent overview.1
Most of this research focused on so-called `bulbs and batteries' questions, probing student
understanding of current and voltage as well as Kirchho's laws and Ohm's law in passive
DC circuits. Picciarelli, Di Gennaro, Stella and Conte for example found that students
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struggle with interpreting Ohm's law: they think that current causes a potential dierence
instead of the other way around. For instance, some students think that when adding a re-
sistor parallel to an existing one, the total current will increase (correct), which consequently
causes the potential dierence across the original resistor to increase as well (incorrect).2
Holton, Verma and Biswas observed problems with Kircho's current law (KCL), which
are similar to those encountered by Engelhardt and Beichner.3,4 Students for example think
that at a node, current is always split equally between the dierent branches, regardless of
the impedance of each branch. This is also referred to as so-called local reasoning.
Besides problems with the laws as such, McDermott and Shaer found that students often
reason locally and sequentially instead of holistically about a circuit.5 This means that they
only focus on where a change was made, rather than acknowledge that that change may
inuence the circuit at a dierent point. In other words, they fail to combine the dierent
laws that govern a circuits' behavior. An example is when students are asked what happens
to the brightness of a bulb in series with two others in parallel when one of the parallel
bulbs is removed. They often think there will not be any change. Various other studies also
observed these misconceptions with their students.6,7
Cohen, Eylon and Ganiel found that students tend to reason based on current instead
of voltage or potential, which is the underlying reason for students' sequential reasoning.5,8
A consequence is that some students have problems with an open switch: they think there
cannot be a potential dierence across an open switch, since \there is no current, hence no
voltage."23 This student applies Ohm's law instead of using Kirchho's voltage law (KVL).
This type of reasoning will be referred to as `current-based reasoning' (CBR) in the rest of
the paper.
Although most of the research mentioned concerns resistive circuits, there have also been
some studies on student understanding of capacitive circuits, mainly on charging and dis-
charging capacitors in a DC situation.3,7,9,10
When switching from DC to AC, many of the issues found for DC circuits remain, but
also new mathematical and conceptual diculties arise. Students sometimes ignore or
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misinterpret KVL.11 Others think the voltage varies spatially along a wire instead of in
time.3 A nal, but important, problem students have is that they do not appreciate the
frequency-dependency of the circuit and have diculties with phase behavior.7 A problem
students have with phase shifts is that because of them, one cannot simply add amplitudes
(or RMS values) algebraically.12{14 Another issue is that they sometimes do not realize
there is a phase shift between current through and voltage across the same component, but
think there is one between \either quantity relative to some other current or voltage in the
circuit."11
The research on student understanding of RC circuits with AC input signals is so far
limited and usually focused on the phase shift between current and voltage.11 One question
of the AC/DC Concept Inventory asks about a high-pass RC lter (HPF), where students
often mistake it for a low-pass lter (LPF) or do not appreciate the frequency dependent
behavior of the circuit at all.3
When studying circuits in the frequency domain, Bode plots are an important tool. These
plots show the gain of the circuit (output voltage over input voltage) in decibel (dB) as
well as the phase shift of the output signal with respect to the input signal as a function of
frequency. The frequency axis is shown on a logarithmic scale to allow for a wider frequency
range. An example of the gain portion of the Bode plot of a high-pass lter is in Fig. 4.
Bode plots are widely used in electronics and system theory to visualize the behavior of a
lter or amplier. In this paper, only the gain plot is discussed and any mention of `Bode
plot' in the remainder refers to the gain plot unless indicated otherwise. There has been
some research in this eld, mostly from a system-theory point of view.15{17 The focus of
this earlier research is on the mathematical aspects of transfer functions (e.g. its poles and
zeros) in relation to the shape of the Bode plot itself (e.g., a 20dB decrease and increase in
the slope, respectively), regardless of a specic context.
III. CONTEXT AND METHODS
With the exception of one question in the AC/DC Concept Inventory, none of the studies
mentioned in section II look at circuits in terms of lters. Most focus on DC voltages and
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currents, usually in steady state or in the time domain, and describe student problems
with basic circuit laws (Ohm's and Kirchho's laws for example). In electronics courses
however, circuits are discussed from a `lter' point of view, namely as systems having an
input and output voltage. The analysis (and construction) of circuits focuses on the re-
lationship between input and output and is almost always done in the frequency domain,
using tools such as Bode plots. In Belgium, a typical engineering curriculum has a physics
course in the rst year, in which RC circuits are introduced via charging and discharging
a capacitor with a DC voltage. In the second year, these circuits are the topic of the rst
lectures (and labs) of an introductory electronics course, now from a `lter' point of view:
the inputs are now AC signals and the frequency-dependent behavior of the circuit is studied.
In this paper, we aim to verify whether or not engineering students studying electronics
recognize an RC circuit as a lter. In addition, we want to study how well they understand
or apply basic circuit laws and to what extent problems with DC circuits discussed in
literature carry over to AC circuits. Therefore, the focus of this paper is on two aspects of
student understanding of passive rst order RC lters that have not been studied before
and we will answer the following research questions:
 How do students understand the inuence of an AC versus DC input signal on the
magnitude of the output signal for a given passive rst order low-pass RC lter (LPF)?
 How do students understand the inuence of the components (resistor and capacitor)
of a passive rst order high-pass RC lter (HPF) on the magnitude of the output
signal for a given input signal?
A. Questionnaire
To answer both research questions, an open-ended questionnaire was developed, in which
two questions related to rst order RC lters were included. Three more questions were
related to signals and are discussed in a separate paper.18 The formulation of these questions
was inspired by ndings from 11 interviews in the spring semesters of 2011 and 2012 with
second year engineering students who followed an introductory electronics course and who
completed a laboratory on RC -lters a month prior to the interview.19 These interviews
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aimed to detect students' conceptual problems with rst order RC lters, if any. Various
ideas and misconceptions surfaced, including several encountered in literature. The main
problems encountered were the following:
 Problems with potential dierence, e.g. measuring input and output voltage across
the same capacitor as the interviewed student in Fig. 1 did;
 Current-based reasoning [when discussing an LPF with a DC input] \That's an open
switch, so there is no current owing through the circuit and then there is no voltage
across [the output] anymore." ;
 Failure to sketch the circuit of a lter and/or uncertainty about the type of lter
sketched;
 Problems using a Bode plot: students could only sketch the Bode plot corresponding
to circuits they had seen during the lecture but failed to draw a qualitative sketch of
e.g. a `lter that attenuates low frequency signals instead of high frequency ones';
 Problems relating the input signal to the output signal, e.g. omitting the phase shift
between both or changing the shape of a simple sine wave;
 Failure to assess the eect of changing a component in the circuit.
To verify to what extent the problems found during the interviews were also prevalent
more generally, a survey was developed and administered to a group of second year en-
gineering technology students. The questions are in Sections IVA and VA. To force the
students to think conceptually rather than ll in a formula, the questions contrasted several
qualitative situations and asked students to compare the output voltage of the dierent
situations. Since the main interest was in the approach students used and the extent to
which each approach was successful, the questions explicitly asked for an explanation of the
given answer. Both questions can be answered by either using circuit laws or by recognizing
the circuit as a lter and building a reasoning from there. This approach made it possible
to verify which approach is more popular as well as which is more successful. Additionally,
the specic nature of the mistakes can be documented.
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The rst question showed three identical low-pass lters (LPF) with dierent input sig-
nals: 1V DC, 10V DC, and 1V AC. The students were asked to rank the circuits according
to the output voltage. The full question is in section IVA, with a discussion of the answer
in IVB. As opposed to keeping the circuit constant and changing the input signal, the
second question showed four circuits congured as high-pass lters (HPF), each with the
same (AC) input signal. The rst lter had component `values' R and C, where the next
ones had one or both components doubled or halved, depending on the questionnaire. The
exact question is in section VA, while the answer is discussed in section VB. Although all
questions are printed in English, they were originally asked in Dutch and the students also
answered them in Dutch.
B. Participants and educational context
All participants in both the interviews and the questionnaire were second year engineering
technology students, spread across three campuses in Belgium. In the rst year, they at-
tended an introductory physics course that included an introduction to electricity and circuit
laws. This paper is about their introductory course in electronics, consisting of traditional
lectures and lab sessions, both taught in Dutch. At one campus, this course was taught
as part of the general engineering curriculum in the rst semester of the second (bachelor)
year, while at both other campuses, it was taught in the second semester of the second year
to the students who chose to major in electronics engineering. Typically, the labs focused
on a specic topic covered during one or more earlier lectures. One of those lab sessions
was about rst order passive RC lters. The (Dutch) questionnaire was administered in the
2012-2013 academic year, once just before entering the lab and a second time approximately
1 month after the lab. Since there was no signicant change of the answers between the pre-
and post-lab results (not in the number of correct answers, veried using a binomial test,
nor in the distribution of explanations or answers, veried using a 2 test, neither even at
the p = 0:05 level), the remainder of the article is about the post-lab results only. Similarly,
there were no signicant dierences between the dierent campuses, so the results presented
here are valid for all three campuses. 156 students lled in the questionnaire after the labo-
ratory. Neither the pre-test nor the post-test was mandatory or counted for any credit, but
there were no students who chose not to participate at any of the campuses.
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C. Analysis
Student answers were analyzed in two ways: the rst focused on the ranking the students
provided so as to determine whether or not there was any pattern there. Then, the expla-
nations of the students were categorized, in order to gain a nuanced understanding of what
aspects students understand reasonably well and what aspects are problematic to them. Our
interest is in reasoning patterns the students use, not only in the classication of answers
in terms of right and wrong. The exact categories and their origin are described in sections
IVC and VC for the low-pass and high-pass lter question respectively. To establish the
validity of the classication of the answers, the third author analyzed a random subset of
the data (N = 37, 23%) and Cohen's  was used to determine the inter-rater reliability.
The result is reported for both questions.
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IV. ROLE OF INPUT SIGNAL FOR A LOW-PASS FILTER
A. Question
Below [see Fig. 2] are 3 identical circuits. A dierent input signal is applied to
each one. After some time, the output signal is measured. Sort the circuits according to
the maximum of the output voltage from largest to smallest. Indicate explicitly if
the output voltage is zero or if two output voltages are equal. Explain your answer!
[Emphasis in the original]
B. Correct answer
The correct answer is that B>A>C. This can be found in several ways. The rst is to
recognize the circuit as a low-pass lter, which will allow DC signals to pass undisturbed,
but which will attenuate AC signals. A second approach is to use a voltage divider (or circuit
laws in general) by replacing the capacitor with its impedance (ZC =
1
j!C
). Using a voltage
divider results in vout = vin
ZC
R+ZC
. Replacing the (angular) frequency in the formula for ZC
by zero for the DC signal will lead to a correct answer where the DC output signal is equal
to the input signal. For AC, the output will be lower, regardless of the specic values of all
the parameters. A last, related approach is to replace the capacitor by a short for AC signals
(equivalent to an innitely high frequency) and by an open circuit for DC signals. Although
this is not an exact solution (the frequency will be nite in any practical application), this
approach is a useful way to quickly gain a qualitative picture of the situation. If Kirchho's
voltage law (KVL) is applied correctly after replacing the capacitor with a short in AC and
an open switch for DC, one nds that the output voltage will be equal to the input voltage
for DC signals while for AC it will be zero.
C. Analysis
As mentioned before, the student answers were categorized in two dierent ways: the rst
focused on the ranking of the circuits and the other on the explanation given. The former
resulted in 5 specic rankings that accounted for over 80% of all student answers, with the
others either giving a dierent answer or leaving the question blank. These 5 rankings as
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well as the explanations used by the students are shown in Table I.
The categorization of the explanations the students gave was not done based on a pre-
dened set of categories. Instead, the categories were built bottom-up from the students'
answers. The rst author went through a rst set of answers, marking potential categories
using paper and pencil. After going through this rst `training' set using this approach,
the most common categories were written down. Then, the answers of a second `validation'
set were assigned to these categories. There were not many answers that did not t in any
of the original categories, therefore all data were analyzed using these categories. A nal
validation of the categories was done by another author categorizing a random subset of an-
swers independently using the same set of categories. The inter-rater reliability was veried
using Cohen's , which was 0.88, indicating near perfect agreement20. The categories were
the following:
 Filter : The student recognizes the circuit as a lter and builds his/her reasoning from
there.
One student gave the following (correct) answer: \Is an LPF (low-pass) and so DC
will pass easier and 10V DC > 1V DC and so as last C, 1V."
However, some students do recognize the circuit as a lter, but think it is an HPF: \A
and B are high-pass so do not allow direct current to pass. C is also high-pass so will
allow alternating current to pass."
 Open circuit/short : The student replaces the capacitor by a short for input C (AC)
and by an open circuit for inputs A and B (DC). By (implicitly) applying KVL, the
student arrives at a correct answer. While it is possible to arrive at an incorrect answer
by replacing the capacitor by a short for DC signals and an open circuit for AC signals,
none of the students in our study made this mistake.
An example of a typical answer is the following: \B,A: capacitor on DC = open circuit
) source voltage across the resistor is across Vout. C: Vout;V = 0 because on AC a
capacitor is a short, across which there is no voltage."
 Current-based reasoning (CBR): Here the student uses the same approach as before,
replacing the capacitor by an open circuit in DC. He correctly states there is no
current, from which, however, he concludes there is no voltage either. There is often no
10
mentioning of the AC situation. This results in the incorrect answer C > A = B(= 0).
A typical answer was: \In DC ! no current through capacitor; 1V and 10V DC
! Vout = 0V ; C > A = B."
 Voltage divider : Some students (implicitly) use the formula for a voltage divider (Vo =
Zc
Zr+Zc
Vi) and replace the capacitor by the formula for its impedance (Zc =
1
j!C
).
An example of the (implicit) use of a voltage divider was the following: \[A and B]
Low f so C has voltage of the source. [C] large f so voltage divides! so less than 1V!"
 AC=DC : The student does not distinguish between AC and DC input signals and
ignores the circuit, resulting in an incorrect answer.
One typical answer was: \B > A = C input voltage in B is bigger, so output voltage
also bigger."
Another student wrote the following explanation: \B > A = C ! DC output voltage
of A and C are equal, they are only inuenced by the resistor and not by C."
 RMS : In this answer, the student ignores the circuit but does make a distinction
between the AC and DC input signals by looking at the RMS-value of the signals.
This most often results in a correct answer. This category also includes students
who say that \average of the AC signal is zero," that \the DC signal does not have
an amplitude" or similar incorrect answers that ignore the circuit but focus on the
dierence between an AC and DC signal.
One example is the student who wrote: \Source of 1V AC can be replaced by a DC
source of 1p
2
V "
 Other : Any other explanations included by the students.
 No explanation: This category contains students who did give a ranking of the dierent
circuits, but did not include an explanation with it.
 Blank : The students who did not provide any answer and left the question blank.
D. Results
The results in Table I show the number of students for each combination of ranking
and explanation, as well as the totals for each categorization (by ranking and explanation).
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There is a big group of students who give a ranking but do not provide any explanation (over
50%). However, there is no signicant dierence in the distribution of rankings given by
students who include an explanation and those who do not according to a 2-test (even at
the  = 0:05 level). Therefore, it is reasonable to suppose that the explanation underlying
the answer of a student who did not provide an explanation is similar to the reasoning of
those who do.
The results in Table I indicate that around 50% of the students gave a correct answer
to this question. However, of the 39 students who also explained their (correct) answer, 12
students (over 30%) gave an incorrect explanation, such as the RMS-based reasoning and
various explanations categorized as `Other'. If we assume that also 30% of the 39 students
who gave a correct answer without writing down an explanation arrived at it using a wrong
approach, only one third of all students (not counting blanks) actually arrived at a correct
answer by using a correct approach. These students who do give a correct explanation, use
dierent methods, including recognizing the LPF, replacing the capacitor by a short or open
circuit in AC and DC situations respectively and using a voltage divider. It is not clear what
kind of reasoning the students who gave no explanation used, although the distribution is
most likely similar to that of those who did include one.
When studying the distribution of the other, incorrect, rankings, two have a clear cor-
relation with a specic explanation. The rst is the ranking C > A = B: all but one
student who provided an explanation with this answer used current-based reasoning. It is
therefore fair to say that the students who used this ranking but did not provide an expla-
nation probably made the same mistake. The second category are the students who do not
distinguish between AC and DC input voltages, arriving at the conclusion that B > A = C.
All students who arrived at this ranking and provided an explanation, t in this category.
Again, the students who arrived at the same conclusion without explaining it, probably
made the same mistake.
A nal conclusion has to do with both types of (correct) answer categories: using a lter-
based approach or using an approach based on circuit theory (e.g. open circuit/short or
voltage divider, but also current-based reasoning). The former approach is less popular: 13
12
students (21% of those who provide an explanation) use it as opposed to 37 (61%). How-
ever, the former approach is more successful with a success rate of nearly 80% (10 students)
compared to one of barely 50% for the latter.
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V. COMPONENT VARIATION FOR A HIGH-PASS FILTER
A. Question itself
The circuits below [see Fig. 3] all have the same AC voltage (nite amplitude and
nite frequency) as input signal. However, the values of the resistor and capacitor
are dierent in every circuit. Sort the circuits according to decreasing amplitude of the
output voltage (highest to lowest). Explicitly indicate if the output voltage is zero or if
the output voltage in two situations is equal. Explain your answer!
[Emphasis in the original]
B. Correct answer
The correct answer is that B > C = D > A. This answer can be obtained in various
ways, the rst of which uses the fact that this circuit is a high-pass lter (HPF). As shown
in Fig. 4, this can be most easily seen by using the Bode plot of a rst order high-pass
RC lter. When looking at circuits A and D for example, one can deduce that the cut-o
frequency of circuit D will be half that of circuit A (fc =
1
2RC
). Consequently, the Bode
plot of circuit D will `shift to the left' with respect to that of circuit A, which in turn leads
to a higher gain at a certain frequency f for circuit D. This higher gain means that for a
constant input amplitude, the output amplitude of circuit D will also be higher than that
of circuit A. Using the same approach for all 4 circuits, the Bode plots for circuits C and D
coincide, while B will be shifted even more to the left.
A second approach is that there is no current in the DC circuits, so there is no voltage
drop across the resistor, resulting in the entire input voltage being across the output ter-
minals (across the capacitor). However, there is a current in the AC circuit, so there is a
voltage drop across the resistor, resulting in a lower voltage across the capacitor. Not only
that, but doubling the resistor has the same eect as doubling the capacitor. This again
leads to the conclusion that circuit B will have the highest output voltage (doubling both
the resistor and the capacitor results in an even higher output voltage), followed by circuit
C and D and nally circuit A with the lowest output voltage.
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It is also possible to explicitly use classical circuit laws (Kirchho's laws and Ohm's law)
in order to arrive at the same conclusion. The voltage divider approach discussed earlier is
essentially a shortcut of this approach.
C. Analysis
As with the low-pass lter question, the answers to this question were also categorized
based on both the ranking the students gave and their explanation for that ranking. How-
ever, since there are too many possible rankings of 4 circuits (75 when assuming they are
ranked from highest to lowest and equality is possible), the answers themselves were ana-
lyzed by looking at the relationship between specic pairs of circuits shown in Fig. 3. The
reason for this is that there were too many dierent rankings used by the students that
were all relatively rare. For example, there were only 8 students (5%) who gave the correct
answer. Therefore, it is interesting and very useful to have a look at what aspect the other
students did understand, even though they did not manage to give a fully correct answer.
In other words: to nd out what the wide variety of other answers have in common. The
rst aspect is the eect of changing the resistor on the output voltage, done by comparing
the `standard' circuit A to circuit D, in which the resistor is changed. The second is the
eect of changing the capacitor, similarly done by comparing circuits A and C. The third
comparison was the eect of changing both the capacitor and resistor (circuit B compared
to A), while the fourth and last one compares the eect of only changing the resistor (circuit
D) to that of only changing the capacitor (C). For each of those pairs, there are 4 possible
answers: is greater than, is smaller than, is equal to and no information. The latter usually
indicates a blank answer, but can also mean that there was an answer given, but without
information about a certain pair, for example answering \B>A," which does not contain
any information about circuits C or D.
To explain their answers, students used various strategies. The dierent explanations are
listed below. Again, these categories were found bottom-up from the data, using the same
approach used for the low-pass lter question. The Cohen's  for the eventual categories
used was 0.75, still indicating a substantial agreement between both raters20.
 Filter : By recognizing the circuits as high-pass lters and using their cut-o frequency
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(fc =
1
2RC
), one can deduce that the higher R and/or C, the higher the output voltage
will be for a given frequency of the input signal. An example of a correct answer using
this approach is the student who wrote that \HPF: !c =
1
RC
, R >> [increases, so]
!c small; C >> [increases, so] !c small" while adding a sketch of the Bode plot of a
high-pass lter.
However, this approach also went wrong when students think that, for example, the
output is proportional to the cut-o frequency or make a mistake in the formula for the
cut-o frequency. An example of the former is this answer: \high-pass lter, A = 1p
!c
! if C is smaller ! ! bigger ! f is bigger ! more passes and A bigger."
 Voltage divider : Using the formula for a voltage divider (vout = ZRZC+ZR vin) the correct
answer follows readily by using the impedance of the capacitor, which is inversely
proportional to its capacitance (Zc =
1
j!C
). Some students however, made a mistake
using this approach by thinking that the capacitor impedance is proportional to its
capacitance.
One student wrote down the exact formula and arrived at the correct conclusion:
\Vo = Vi

R
R+ 1
j!C

so if RC small, Vo small. C and D are equal. B > C = D > A."
Another one made a mistake by using the capacitance instead of impedance: he wrote
Vo = Vi
 
R
R+C

for every circuit and (consistent with the formula) arrived at the con-
clusion that D > A = B > C.
 Circuit laws : It is possible to use classic circuit laws such as Ohm's law and Kirchho's
laws to arrive at a correct answer without using the `shortcut' of a voltage divider.
Some students attempted this approach, but none were successful.
An example of such an attempt is by a student who used (only) Ohm's law: \XC =
1
2C
;
C > A = B > D. If you double C, the impedance changes, it becomes twice as small.
If you double R, the impedance becomes twice as big. R = U
I
! U = R  I."
 R matters more: Some students think that only the resistance of the resistor matters,
or that it matters more than that of the capacitor. The reasoning for this varies, but
the following three explanations are typical:
{ The rst is related to so-called local reasoning, saying that the output voltage
only depends on the resistor simply because it is closer to where the output
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voltage is measured. What happens `far away' from there is ignored.
An example is the following answer: \B = D;C = A because of Ohm's law. More
voltage across resistor and capacitor in AC is short." Note that this student also
did not realize that replacing the capacitor by a short would lead to an equal
input and output.
{ A second type were those who ignored the capacitor because it would not inuence
the amplitude: \A = C > D = B capacitor does not inuence the amplitude of
the output voltage."
One student further explained that \The capacitor causes a phase shift, resistor
regulates Vout. So R big ! V big."
{ A last explanation was that the resistor and capacitor both have an inuence,
but that the capacitance of the capacitor mattered less:
One student called circuits with a higher capacitor `better lters': \Bigger output
impedance for [circuits] B and D for AC ! bigger Vout. Better lter ! bigger
Vout. A: HPF, B: double HPF, C: double HPF, D: HPF ! B > D > C > A."
Another one had a dierent reason: \Circuit B has the biggest amplitude. This
is because both C and R are doubled. Then comes circuit D because R has more
inuence than C (is a very small number). Then circuit C and then A." This
student argued that the total impedance of the circuit is what matters and also
made the mistake of thinking that the capacitor impedance is proportional to its
capacitance.
 C matters more: As with the previous explanation, this means that a student thinks
only the capacitor matters or that it matters more than the resistor. There was no
clear reason why students did this as their explanations varied greatly.
Some just wrote that only the capacitor mattered: \B = D;A = C resistor has no
inuence on the amplitude, capacitor does."
Others seemed to think via the current, but ignored that the resistor would also have
an inuence on the current. One wrote: \the bigger C, the bigger i through C, the
less current through R and the smaller vout. D > A > B > C." This is an example
of a misconception about current being `used up' in `earlier' circuit elements, leaving
less current available for the one where measurements take place, combined with local
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reasoning.
One student replaced the capacitor by a short, but also considered the capacitor charg-
ing and discharging: \B = C   D = A Because rst the capacitor is a short and all
of the voltage will be across the resistor. Then when it discharges, there is again the
full voltage across the resistor. Because of this, the resistor does not matter, only the
capacitor."
 Other : Any other explanations included by the students.
 No explanation: This category contains students who did give a ranking of the dierent
circuits, but did not include an explanation with it.
 Blank : The students who did not provide any answer and left the question blank.
D. Results
The results are in Tables II and III. The rst shows the number of students for each
combination of ranking and explanation, as well as the totals for each categorization (by
ranking and explanation). The second shows a cross table of all possible combinations of
the dierent rankings of the students who gave a full answer (132 or 85%). There are some
interesting conclusions that can be drawn from these tables, which are explained in more
detail below:
 Most students know that changing the capacitor and/or the resistor will inuence the
output voltage;
 Many students do not know the direction of this inuence;
 Many students do not know that the eect of doubling the resistor and capacitor is
equal in magnitude.
Before delving deeper into the reasons behind the conclusions stated above, it may be
interesting to clarify some of the more obvious results from Table II. The rst is the low
number of students who rank dierent pairs correctly, ranging from 43% when comparing
circuits A and D to only 12% for the comparison of C and D. A second is the low number of
students who provide an explanation: 37%. A reason for this could be that it is cognitively
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hard to rank 4 dierent circuits in which two parameters are changed simultaneously (as
mentioned, there are 75 possible ways to rank the circuits from highest to lowest when
allowing for equality between circuits). However, as with the LPF-question, there is no
signicant dierence in the distribution of the rankings given by students who give an ex-
planation and those who do not according to a 2-test (even at the  = 0:05 level). Given
this lack of dierence between students who explained their answers and those who did not,
it is reasonable to suppose that the reasons underlying the answers of the students who did
not provide an explanation are similar to the reasons of those who did.
When looking at the incorrect answers, it is clear that students know very well that changing
either the capacitor or the resistor will have an inuence on the output voltage. There are
hardly any students who indicate that changing the resistor or capacitor from the `standard'
circuit A will not have any inuence: 1 (<1%) saying that C=A and 6 (<5%) that D=A,
respectively. However, most students do not know in what direction this inuence will be:
there are nearly as many students who think the output will decrease (64, 41% ) as there
are who (correctly) think it will increase (67, 43%) when comparing a circuit with a doubled
resistor (D) to the `standard' one (A). The same is true when doubling the capacitor, al-
though here more students incorrectly think a higher capacitance will lead to a lower output
voltage (C < A) than there are who correctly think it will lead to a higher one (C > A) (73
(47%) and 55 (35%) respectively).
1. Logical consistency among rankings
Although the results appear to be relatively random, Table III makes clear that the
students' answers are very consistent and make logical sense. What we mean by `logical
sense' here is more than the order being possible (i.e. there are no students who say that
B > A and C < A, but still conclude that C > B). It refers to consistency in a students'
reasoning. For example, there are 34 students (22%) who correctly think that doubling the
resistor will increase the output voltage (C > A) and that doubling the capacitor will also
increase the output voltage (D > A). Of those 34, 33 logically concluded that the circuit
that has both the resistor and the capacitor doubled will have a higher output voltage than
the original circuit (B > A). Only 1 of the 34 stated the illogical A > B. The latter is not
19
contradictory in the same sense as the previous example, but it contains a dierent type
of logical error: if doubling the resistor will increase the output voltage and doubling the
capacitor will as well, then it makes no (logical) sense that doubling both will decrease the
output voltage.
There is however one specic group of students who do give illogical answers in the sense
described above: of the 42 students (27%) who (wrongly) think that doubling either the
resistor or the capacitor will decrease the output voltage, 13 (31%) either think that dou-
bling both will lead to an increase of the output voltage or to no change at all in the output
voltage. So although over 90% of the students give a consistent (albeit most often incor-
rect) answer, it is unlikely that all 16 students who give an illogical answer simply made a
guess: 13 (80% of this group) think that doubling the resistor or capacitor will decrease the
output voltage, but still think that doubling both will either not aect the output or will
result in an increase of the output voltage. Most likely, these students do not have a clear
misconception, but instead use a dierent type of reasoning when comparing circuits C and
D to circuit A than when comparing B to A.
Looking at the cross-table also shows that students can be logical when comparing cir-
cuit A to the other three, but still make mistakes when comparing circuits C (with a
doubled capacitor) and D (doubled resistor) while still making logical sense. For example,
of the 33 students mentioned earlier who (correctly) think that doubling the resistor and/or
the capacitor will increase the output voltage, only 8 (25%) also say that doubling the
resistor will have the same eect on the output voltage as doubling the capacitor (C=D). 14
of the remaining 25 think that C > D, which is a logical answer if one (wrongly) assumes
that doubling the resistor will have a bigger eect than doubling the capacitor. Similarly,
the remaining 11 think that D < C, which is consistent with the (again wrong) assumption
that doubling the capacitor will have a bigger eect than doubling the resistor.
2. Correlating rankings with explanations
In terms of explanations the students gave, there are several conclusions that can be
made. First of all, the students who thought that the resistor change and capacitor change
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would cancel each other out and explained their answer, all used classical circuit laws or a
voltage divider. They usually made the mistake of thinking that the capacitor's impedance
was proportional to its capacitance.
Secondly, 14 students (34% of those who provided an explanation) explicitly stated that the
change in capacitance or resistance mattered more than the other or vice versa. However,
there is no clear reason why students do this: some think doubling a component will cause
an increase in output voltage while others think it will cause a decrease; some think the other
component still matters but is less important while others think it has no inuence at all;
some cite signal properties (phase versus amplitude) as a reason while others refer to circuit
laws to justify their answer. There is no clear pattern in the answers the students give using
this approach, but it is a very interesting observation that deserves further investigation.
Next, it is remarkable that none of the students who used classical circuit laws without
using a voltage divider managed to arrive at a correct answer. The students' explanations
revealed several problems with the use of these circuit laws, including local reasoning, not
knowing the impedance of a capacitor and the attribution of a higher importance to one
of both components mentioned earlier. This was also observed during the interviews, with
many of those students displaying similar problems.
A nal observation has to do with the two types of explanation: based on recognizing
the circuit as a lter and (implicitly) using classical circuit theory. In total, 9 students (22%
of those who provided an explanation) explained their answer from a lter point of view.
2 of them managed to arrive at a fully correct answer. The remaining 32 students (78%)
used an explanation based on circuit theory, of which only 3 managed to arrive at a correct
answer (using a voltage divider approach). This indicates that the students who are using a
lter approach are more successful than those using classical circuit theory (a success rate
of over 20% as opposed to one of less than 10%). As the number of students using the
lter-based approach is small, it is not possible to make any statements to generalize these
results. Nevertheless, it is very interesting that there are so few students who managed to
apply classical circuit laws correctly.
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VI. DISCUSSION
In this study, we investigated students' conceptual understanding of rst order RC lters
in the context of an introductory electronics course. We found that students struggle to
analyze basic RC lters after relevant instruction. In particular, tasks about the inuence of
the input signal and of dierent circuit components showed to be problematic. Considering
that these students have already passed an earlier university level course of physics and are
currently attending an electronics course, the number of students making these errors is
high. In addition, relatively few students provided an explanation with their answer. The
reason for this is unclear, although it could be because the questions were at the end of
the questionnaire, which was limited in time (10-15 minutes) and did not count for any
credit. It is therefore possible that students were less thorough or attentive answering these
questions.21,22 That being said, the consistency and patterns observed in both questions
indicate that the students did answer these questions seriously and put eort into answering
them as correctly as possible.
A rst important nding is that students in general think about these circuits using circuit
laws rather than using a lter-based approach. While both are equally correct and useful
in this case, it indicates that students are still more comfortable using the laws with which
they are familiar. However, well known problems using those laws persist while students
who do recognize the lter tend to perform better than their colleagues. That being said,
the students who use a lter-based approach in the LPF question do not necessarily do so
in the HPF question or vice versa.
Second, many students made mistakes known in literature. A very clear example is the
current-based reasoning, which was also observed in several other studies.5,8 Another problem
observed in earlier studies are the students who do not appreciate the frequency-dependent
behavior of the circuit and think there is no dierence between AC and DC input signals.3,7
However, an interesting new nding is that some students thought the question was about
the RMS value, despite there not being any mention of power in the question. This did not
occur during the interviews, so it is unclear why this is triggered.
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When answering the high-pass lter question, it was very clear that students realized
that both changing the resistor value and the capacitor value would have an inuence on
the output voltage. However, most did not know that doubling either component would
lead to an increase in output voltage. In other words, they did not know the direction of
the inuence. Similarly, many did not know that both eects would be the same: doubling
the resistor would result in the same output voltage as doubling the capacitor. The reasons
for this are made more clear by the explanations provided with the student answers. Most
often, students exhibited problems with classical circuit laws. One of the most important
ones was that they had problems when analyzing circuits as voltage dividers, making three
kinds of mistakes when doing so. The rst was to think (implicitly) that the impedance of
the capacitor is proportional to its value. The second is probably related to the local rea-
soning problem described in earlier studies: because the output voltage is measured across
the resistor, students think that the resistor value has more inuence than the capacitor
value on the output voltage.5{7 A nal problem they have is that some students think the
capacitor has a bigger inuence than the resistor.
In general, several observations have been made that deserve further investigation:
 Even after lecture and lab instruction about lters, students tend to think about
circuits using classical circuit laws rather than using a lter-based approach. Does
this preference decrease over time? Does it depend on major (e.g. physics students
using a dierent approach than engineering students)?;
 Despite passing an introductory physics course and studying electronics, students have
problems applying those circuit laws when AC signals and frequency-dependent com-
ponents are involved. Are the problems students have in AC caused by underlying
misconceptions about basic laws in DC or do they see AC circuits as a completely
dierent realm in which classical circuit laws are no longer valid?
 Some students think resistors have more inuence than capacitors or vice versa. What
is the cause of this?
 Some students completely ignore the frequency-dependent behavior of a circuit. Why
do they ignore it?
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 Most students know that both changing the resistor and capacitor will have an in-
uence on the output of a rst order RC high-pass lter, yet do not know in what
direction this inuence will be, nor that the inuence is the same for the resistor and
the capacitor. Why do they think one is more important than the other? And why
do they do know that both will have an inuence?
 Many students did not manage to correctly assess the dierence between AC and DC
input signals for a low-pass lter. Are they capable of doing so for high-pass lters?
 Similarly, most students did not manage to correctly assess the inuence of a changed
component on the behavior of a high-pass lter. Are they able to do so for a low-pass
lter?
Although many misconceptions about circuit laws are discussed in literature, current in-
struction does not seem to address those misconceptions: even after passing an introductory
physics course and attending a lecture and laboratory session on RC lters, students still
make many mistakes even when, for example, using a voltage divider. More eort should
be put into a correct conceptual understanding of basic circuit laws in introductory courses
because a lack thereof hampers proper understanding of subsequent concepts. This is very
clear from our research, which indicates that known problems with circuit laws directly
translate to problems related to rst order passive RC lters even after relevant instruction.
In future research, we will try to develop a laboratory to increase students' understanding
of rst order RC lters, taking the ndings discussed above into consideration.
When summarizing the general ndings of this study, it is important to be aware of its
limitations. A rst observation is that rather few students included an explanation with
their answer. So although there is good reason to assume that the students who did not pro-
vide an explanation used a similar reasoning to those who did, this is not certain. Therefore,
conclusions related to the explanations given for the students' rankings have to be treated
with caution. It is, for example, possible the students who did not include an explanation
did all their work mentally, but used a dierent approach than those who did provide an
explanation. Or maybe those who did not give an explanation simply guessed, although
that seems very unlikely given the data. Second, we also decided to incorporate results that
only provided an incomplete ranking (e.g. only stating that `A=B' without mentioning the
24
other circuit(s)), especially when analyzing the high-pass lter question. While these results
are certainly valuable and have to be taken into account, it is also possible to treat them
separately. A nal aspect of lters not covered in this study is the phase shift they cause
between input and output signals. Although we investigated whether or not students un-
derstood the inuence of components (for an HPF) or AC opposed to DC input signals (for
an LPF), more research is needed to understand whether or not students really understand
all aspects of lters, including the phase shift.
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TABLE I. Results of low-pass lter question with varying input signal. Number of students who
give a certain answer and give a certain explanation with that answer.
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Filtery 10 1 0 1 0 1 0 13 8
Open circuit/Shorty 8 0 0 0 0 0 0 8 5
Voltage dividery 6 0 0 0 0 0 0 6 4
CBR 0 4 0 0 0 1 0 5 3
AC=DC 2 0 8 0 0 1 0 11 7
RMS 5 0 0 0 2 0 0 7 4
Other 8 0 1 0 2 0 0 11 7
No explanation 39 8 6 5 13 15 0 86 55
Blank 0 0 0 0 0 0 9 9 6
Total 78 13 15 6 17 18 9
156
Total % 48 8 10 4 11 13 6
*Correct answer
yCorrect explanation if applied correctly
(a)b
FIG. 1. An example of an interviewed student not understanding potential dierence. When asked
to sketch `a lter', the student sketched the circuit of Fig. 1a, but did not realize that the input and
output voltages would be equal, nor that the lter needs a resistor. When probed and encouraged
by the interviewer, he added a resistor to his circuit as shown in Fig. 1b. When asked to clarify
where he would measure the output voltage now, he added the two dashed lines in the same gure,
clearly indicating he did not realize that the input and output voltage of his circuit would always
be equal.19
FIG. 3. Circuits high-pass lter question
FIG. 4. Explanation of high-pass lter question. The solid line represents the gain portion of
the Bode plot of a circuit with a resistor with resistance R and a capacitor with capacitance C,
congured as a high-pass lter. Doubling the resistor (or capacitor) will result in a curve that is
shifted to the left (dashed line), with respect to the original one. At a certain frequency f, the gain
(so also the output voltage for an equal input voltage) will then be higher for the circuit with the
increased resistor.
FIG. 2. Circuits low-pass lter question
28
TABLE II. Results of high-pass lter question with varying component values. Number of students
who give a certain ranking and give a certain explanation with that answer.
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Filtery 4 0 5 0 5 0 4 0 6 0 3 0 3 4 2 0 9 6
Voltage dividery 9 0 5 0 7 0 7 0 3 6 5 0 4 6 4 0 14 9
Circuit lawsy 0 0 3 1 1 0 2 1 1 2 1 0 0 1 2 1 4 3
R matters more 5 0 3 0 3 3 2 0 5 0 3 0 0 5 3 0 8 5
C matters more 2 1 2 1 4 1 1 0 4 0 2 0 0 1 5 0 6 4
No explanation 47 0 46 5 35 2 57 4 40 15 39 4 11 55 30 2 98 63
Blank 0 0 0 17 0 0 0 17 0 0 0 17 0 0 0 17 17 11
Total 67 1 64 24 55 6 73 22 59 23 53 21 18 72 46 20
156
Total % 43 1 41 15 35 4 47 14 38 15 34 13 11 46 30 13
*Correct answer
yCorrect explanation if applied correctly
TABLE III. Cross table of all possible ranking combinations for the students who gave a complete
answer.
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* 0 0 7C 0 0 4+ 1 1 6R 19
64C=A 0 0 0 0 0 0 0 0 3 3+
C<A 3 2 0 1 4 3 4+ 16C 9R 42
Total C$D 11 27 19 1 15 7 5 29 18
132
Total B$A 57 23 52
*Correct answer
+Consistent answer if inuence of R and C are equal in magnitude
RConsistent answer if inuence of R is more important than that of C
CConsistent answer if inuence of C is more important than that of R
All other cells are inconsistent answers
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